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Abstract 
Efforts have been devoted over the last decades towards modelling phase change kinetics of fats in chocolate. The 
fats in chocolate have a number of polymorphic forms and manufacturers must deliver a product with the right 
polymorph to the consumer. In this work a model was developed that contains only two polymorphs rather than the 
six polymorphs that can be identified using Differential Scanning Calorimetry (DSC) and X-Ray Diffraction (XRD). 
This simplification allowed the phase change kinetics to be estimated from a set of DSC experiments. The phase 
change reactions were coupled with heat transfer and used to successfully predict the temperature profiles and the 
concentration of polymorphs (within 10%). These quantities determine among others contraction and cohesion, which 
are essential to demoulding and cleaning processes. Indeed, deposits left on the mould surface leads to undesirable 
product surface and an increase of cleaning costs. During the rapid cooling step (similar to the FrozenCone process), 
only a thin layer (to maintain the prescribed shape) of the shell is partially crystallised (typically 20% of the 
thickness) with unstable crystals (typically 10%) due to the high cooling rates. The model was then used to develop 
of a rapid cooling process allowing the estimation of the processing time required for the rapid cooling step 
depending on the thickness of the shell and the temperature of the plunger. 
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1. Introduction 
Traditional chocolate processing typically involves a slow cooling (<2qC/min) after the tempering 
stage [1]. During the tempering stage a series of cooling and heating steps, which selects fat crystals of 
form EV. These crystals, as opposed to the E’ crystals, have a melting point close to body temperature and 
are stable at room temperature [2]. This presents an opportunity to control product structure by controlling 
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temperature histories during processing [3,4] – the design of successful healthy products will depend on 
the delivery of taste and flavour indistinguishable from the original. Novel structures could be of value in 
the creature of foods that have healthier properties. 
If the tempering process is successful, the microstructure of the cocoa butter in chocolate is strongly 
dependent on the cooling rate applied to the chocolate during processing. Recent progress in chocolate 
manufacturing has led to rapid cooling processes (§100 oC/min) at the interface between the chocolate and 
the plunger), and these fast cooling rates do not necessarily ensure that only the EV form of cocoa butter 
will be crystallised.  The crystallisation of lower stability polymorphs is a problem for the manufacturers 
since it can lead to an acceleration of the blooming problem (during the polymorphous transition), making 
the chocolate unacceptable for the consumer. 
The modelling of chocolate cooling has been extensively investigated [5-8] but to the best of our 
knowledge there is no model coupling the heat transfer occurring in the product during solidification and 
the crystallization kinetics of the fat crystal network. The challenges presented for such a model are the 
polymorphism of cocoa butter and the lack of temperature dependent data for the phase change kinetics of 
cocoa butter. 
The adhesive force (between the chocolate and the mould surface) and the cohesive force (between 
elements of the chocolate itself) that affect both demoulding and the subsequent cleaning process are 
strongly dependent on the structure of the product. In the case of chocolate, this is related to the crystal 
structure obtained during processing and the interaction between the chocolate and the mould surface. The 
adhesive or/and cohesive failure will determine the ease of demoulding stage and eventually influence the 
product quality characteristics.  
This paper presents a simplified model of chocolate cooling, validated using XRD data and a range of 
temperature profiles [9-11]. The model was also extended to the FrozenCone£ process [12] using 
commercial finite element software. 
2. Materials and Method 
2.1 Mathematical model 
The model used to describe the cocoa butter phase change kinetics and polymorphism is based on the 
hypothesis that the polymorphs can be split into two main categories: the unstable and the stable crystals. 
This hypothesis is supported by XRD and DSC data. The unstable crystals are D and E’ while the stable 
crystals are E crystals. Unstable crystals have a very strong d-spacing around 4.3Å while stable crystals 
have very strong d-spacings at 4.6Å [13,14] 
 
The model therefore considers six different reactions, each of them associated with a reaction rate 
dependent on temperature (step change around the phase change temperature). The heat transfer equation 
(1) was solved together with three differential equations for mass balance on the three phases of the 
system (2). 
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where U is the density of the chocolate, Cp its specific heat, k its thermal conductivity and Qsource the heat 
source associated with the phase changes of cocoa butter.  
 
The phase changes of cocoa butter were solved according to the system of PDEs defined in (2). The 
system was simplified to only two polymorphs as explained in the introduction. 
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where [stable] is the fraction in stable crystals, [unstable] is the fraction in unstable crystals and [melt] in 
melt. 
Qsource can then be calculated from the rates of phase change of the different components. Since the 
kinetic rates are dependent on temperature, this is a fully coupled model between phase change and heat 
transfer. 
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3. Results and Discussion  
The model was then used to simulate some a process similar to FrozenCone£. The mesh and boundary 
conditions used by the solver are shown in Fig.1. 
 
Fig.1. Mesh and boundary conditions used to simulate the FrozenCone process 
 
One can see that the geometry simulates a half sphere acting as a simplified Easter egg. The thickness 
of the shell is eshell =2.5 mm and its internal radius is rin = 17 mm. The Dirichlet boundary condition 
applied on the surfaces in contact with the cold press is T = TFC = -10 °C. Insulation was set where 
chocolate is in contact with the mould and axisymmetry on the axis of symmetry of the half sphere. The 
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mesh was refined on the surfaces in contact with the cold press due to the high temperature gradient 
between chocolate and the press at t = 0 s. 
Indeed the initial temperature of chocolate is as when out of a temperer in an industrial context, i.e. To 
= 30 °C as was the initial concentration of stable crystals  stable0 = 0.03 [15]. 
The proposed model was validated against XRD and temperature data [9]. A typical comparison 
between the model and the experimental data obtained from XRD analysis is shown on Fig. 2. The 
agreement between the model and the experimental data is very good (r2=0.978). One can see that the 
model tends to overestimate the values under 0.5, however this could also be due to a lack of sensitivity 
of the technique when small amounts of crystals are present. 
The temperature distribution simulated for a typical application time of the cold press (t = 3 s) is 
shown in Figure 3. The low thermal conductivity of chocolate (k#0.3 W/m/K), coupled to the short time 
of the process leads to a heterogeneous distribution of temperature in the product at the end of the 
application of the cold plunger. 
 
Fig. 2. Comparison between the XRD measured and model prediction of the crystal structure of cocoa butter in chocolate at 
different locations in the chocolate 
This leads to only a small amount (a thin layer just thick enough to hold the desired shape) of material 
being crystallized in the unstable form because of the rapid cooling as shown in Fig. 4. The maximum 
amount of unstable crystals is located at the interface with the cold press, reaching about 20% of the 
overall cocoa butter content. Very few stable crystals were formed during this process increasing from the 
initial 3% to 3.5% of the overall cocoa butter content. 
 
 
Fig. 3. Temperature distribution simulated after 3s of application of the FrozenCone£ process to chocolate 
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Fig. 4. Unstable crystals distribution simulated after 3s of application of the FrozenCone£ process to chocolate 
One of the most interesting results is that the cocoa butter in chocolate is still mainly liquid (only 20% 
of the shell has a Solid Fat Content over 10%). The FrozenCone£ process therefore has to be followed by 
a series of cooling tunnel to set the cocoa butter. The further cooling in these cooling tunnels is gentler, 
which allows the growth of the stable crystals seeds from the tempering stage explaining the success of 
the FrozenCone£ system to produce fine chocolate in spite of the initial fast cooling rates. 
The parameters used for this simulation were tested on an industrial scale and the Easter eggs 
proceeding from these parameters were found to be just enough crystallised to hold their shape during 
processing and were therefore optimal.  It was then decided that a SFC of 10% over 20% of the thickness 
of the shell was required. 
From an engineering perspective, the tuning of the process parameters to reach this crystallisation 
target is difficult to overcome without a trial and error approach. However using the model to predict the 
level of crystallisation in the shell can solve this problem. 
 
A typical approach in the calculation of freezing times of foods is to use the Planck equation [16,17]: 
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but since a perfect contact is considered here h of and the equation can be reformulated as: 
 
 
(5) 
   
where a is a constant dependent on the geometry, x is the thickness of the geometry to freeze (here 
20% of eshell), 'H the latent heat of fusion (here 10% of 'Hunstable) and 'T the difference between the 
cooling media temperature (TFC) and the initial temperature of chocolate (T0). 
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Fig. 5. Freezing time required to crystallise the thin layer during the application of the cold press 
 
Typical processing parameter that has to be changed from one product to another is the thickness of 
the shell (e). Therefore the model was used to see if a modified Plank equation could be used to adjust the 
processing parameters (t and TFC) when a different product was to be made.  
The results of this analysis are shown on Fig. 5. The linear behaviour as predicted by Plank‘s theory is 
valid and this reasonably simple method can be used for processing time estimations. 
4. Conclusion  
This model can be used to predict the required processing time for different geometries of chocolate 
products. For example the time required for a shell of 3.5 mm thickness with a plunger temperature of -
10°C is t=4s. The processing of currently manufactured products can also be optimized using the model, 
allowing considerable savings in processing costs 
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